ABSTRACT Fungi associated with the coffee berry borer, Hypothenemus hampei (Ferrari), are determined and galleries in coffee fruit, Coffea arabica L., are described. In total, 13 fungus species were found to be associated with the coffee berry borer and its galleries. These fungi were divided into four functional groups: 1) saprobic fungi that the borer uses as food: Fusarium heterosporum Nees ex Fries, Cladosporium sp., Cladosporium oxysporum Berkeley & Curtis, and Penicillium echinulatum Fassatiová; 2) saprobic fungi that degrade borer feces: Aspergillus flavus Link, Aspergillus niger Tieghem, Mucor luteus Linnemann, Penicillium sp. 1, Humicola grisea Traaen, and Gliocladium penicilloides Corda; 3) fungi that are coffee parasites: Fusarium oxysporum Schlechetend and Fusarium solani (Martius) Saccardo; and 4) the entomopathogenic fungus Beauveria bassiana (Balsamo-Crivelli) Vuillemin. The same fungi were found on and inside the insect as well as in galleries and were components of the insectÕs diet. Apparent interference of B. bassiana by F. solani was observed.
THE COFFEE BERRY BORER, Hypothenemus hampei (Ferrari), uses coffee fruits, Coffea arabica L., as a suitable habitat for growth of immature stages (eggs, larvae, and pupae), as do teneral adults for their progeny. This species has become the most important cosmopolitan pest on coffee crops (Le Pelley 1968) . Insecticides have been used to control the insect, although with limited success and increased resistance problems (Mejṍa and Ló pez 2002) . Various cultural and sanitary measures have been used to prevent the borer from reproducing, such as removal of infested fruit after harvest and before the production of new fruits. Such measures have been only partially successful, because not all producers follow them systematically (Benavides et al. 2002) . Research on its control has focused on the speciesÕ natural enemies, such as the hymenopteran parasitoids Cephalonomia stephanoderis Betrem and Phymastichus coffea La Salle, and the entomopathogenic fungi Beauveria bassiana (BalsamoCrivelli) Vuillemin and Metarhizium anisopliae (Metschnikoff) Sorokin (Barrera et al. 1990; De la Rosa et al. 1995 , 1997a Villacorta and Barrera 1996; Ló pez-Vaamonde and Moore 1998; Haraprasad et al. 2001) . However, neither parasitoids nor entomopathogens have succeeded in limiting coffee berry borer population growth in Mexico.
H. hampei was introduced from Guatemala and Þrst detected in 1978 in Soconusco, Chiapas, Mexico (Baker 1984) . It has spread to every coffee-producing region in the country and has increased in prevalence since 1995. Many small coffee growers have abandoned their crops due to low market prices, leaving fruits unharvested. This has left fruits available for the borer and has made continual colonization possible, thus increasing borer population density.
We know little about this pestÕs biology, the organisms with which it interacts, and the environment where it develops. Baker (1984) and Villacorta and Barrera (1996) described the biological cycle of H. hampei in Mexico and indicated that damage begins when the adult female starts using unripe fruit to construct galleries where she oviposits from 20 to 60 eggs. Larvae remain inside the fruit until they become adults. The life cycle lasts 30 d. Recently, fertilized females actively seek new fruit.
Certain fungi also have been detected on ripe coffee fruits, including natural enemies of this insect, such as B. bassiana. Ló pez-Vaamonde and Moore (1998) have recorded fungi such as Penicillium and have described them as contaminants without exploring possible interactions between them and the medium in which they develop, interactions that may inßuence the reproductive success of H. hampei. Rojas et al. (1999) and Morales-Ramos et al. (2000) reported the symbiotic association of Fusarium solani (Martius) Saccardo with the coffee berry borer wherein the insect feeds on ergosterol produced by the fungus, leading to an increase in borer progeny. Peterson et al. (2003) found Penicillium brocae SW Peterson, Pé rez, Vega et Infante to be associated with H. hampei.
Preliminary tests indicated the presence of several fungi within the coffee fruit galleries. This led to the current study in which these mycobiota are identiÞed, and the succession of fungal species in the galleries is described. We hypothesize that many fungal species are present in the galleries and in/on the borer throughout the infestation process of the coffee fruit. Also, the growth of the fungi in the fruit is due to the presence of the borer. Evidence is presented indicating an association or interaction involving fungi, borers, and coffee fruit, and the importance of galleries as a fungal microhabitat.
Materials and Methods
Random collection of unripe coffee fruits with and without borers was conducted from 1999 to 2002 on the El Tizal coffee plantation, located in the municipality of Emiliano Zapata, Veracruz, Mexico. Microscopic observations of longitudinal and transversal cuts were done in borer galleries as well as in healthy fruits, allowing description of the borerÕs gallery formation process. Borers were dissected and their guts removed for microscopic examination. Other specimens, recently collected in the Þeld, were extracted from coffee fruits and killed with ethyl acetate for ease manipulation. One portion of the sample was washed with 96% alcohol for 1 min., 3% sodium hypochlorite for 3 min., and 70% alcohol for 30 s to eliminate possible fungi on the borerÕs body surface. Finally, samples were rinsed three times with sterile distilled water. The remainder of the sample was left unwashed live to serve as a control. Both samples were covered with paladium gold and observed under a scanning electron microscope (JSM-5600LV, JEOL, Tokyo, Japan). Fruits with borers were cleaned externally with 96% alcohol and cut longitudinally to expose the inner gallery and eliminate any borer individuals. Afterwards, fruits were placed in a moisture chamber to enhance fungal growth. The same was done with healthy fruits, and the entire sample was kept under observation while fungi grew and sporulated.
Detection of fungal mycelia was accomplished in petri dishes that contained agar with dextrose and potato plates (PDA) incubated at 21 Ϯ 2ЊC in 10 treatments (n ϭ 50 borers or fruits per treatment). Once specimens had been washed, three groups of insects were formed and given different treatments: 1) each washed borer specimen was placed on a PDA plate; 2) the gut of each borer was extracted, care being taken to avoid any contact with external body parts, and immediately placed in 0.5 ml of sterile distilled water where it was opened and its contents homogenized; Þve drops of this suspension was placed on a PDA plate; and 3) individual borers were macerated in sterile distilled water and Þve drops of the macerated product was placed on PDA plates. 4) As a control unwashed borers were placed in petri dishes with PDA plates. To observe fungi from infested fruits, we considered three groups: two groups with unripe fruits, 5) uninfested as a control, and 6) infested, and 7) a third group with ripe uninfested fruit recently collected from the Þeld. Fruit exteriors were cleaned as described previously, and fruits were cut to expose the tunnel. To detect fungal growth in the gallery, 8) recent and 9) mature gallery fragments of 1 mm 2 were extracted from each unripe fruit to isolate fungi. Five fragments per fruit were placed on a PDA plate. Finally, as a control (10) endosperm fragments from healthy fruits were inoculated. All fungi obtained from each petri dish were identiÞed and recorded. Observation of the dishes continued for 30 d.
When fungi were obtained, they were isolated in pure cultures for morphological determination with the help of specialized keys (Booth 1971 , Ellis 1971 , Domsch et al. 1980 . The presence of each fungal species was determined as the number of all mycelia obtained in the sample (Table 1) . Data on mycelia in all treatments were not all normally distributed and could not be transformed effectively; hence, they were analyzed with nonparametric tests. For borer treatments we used a KruskalÐWallis one-way analysis of variance (ANOVA) on ranks and MannÐWhitney U tests for fruit and gallery data (StatSoft, Inc. 2000) .
Results
The borer perforates fruits that have reached their maximum size. Penetration occurs at the apical tip, just at the scar left by the ovary style (n ϭ 100). There can be one (90%) or two (10%) possible entries ( Fig.  1A) , which can be situated at the center (52%) or slightly closer to the scar (48%). The entrance is a straight 2Ð3-mm-long tunnel that cuts through the pericarp and pulp and provides access to either of the fruitÕs two seeds (Fig. 1B) . Next, the borer perforates the testa that protects the endosperm of one of the seeds; here, it will form its gallery and oviposit (Fig. 1C and D) . When the gallery has been completed (with a tunnel diameter of 1Ð1.2 mm), the endosperm that is exposed toward the tunnelÕs interior (250 Ð 400 m in width) acquires a green and then a dark green tone as the gallery matures; bacteria and fungi are found in this layer. In cuts of healthy endosperm, a green coloration also is noted, which could be due to the mechanical action of cutting and subsequent oxidation. Unlike healthy fruits, infested ones tend to exhibit cotyledon growth; probably induced by fungal giberellins.
At the gallery entrance, tiny brown or dark green fragments are visible. These are part of the waste and feces that result from the femaleÕs activity as she removes them from the gallery. In early stages of larval development, the gallery is kept clean. During the last stages of larval development, the main gallery contains fecal residue, endosperm walls are darker, and galleries generally have been bored in the other seed of the same fruit. Larvae eat and develop within the fruit until they become adults, by which time the fruit resources have been exhausted and the young adults look for a new fruit. Thus, the gallery formed by the female borer and later modiÞed by larvae constitutes Unwashed borers observed under an scanning electron microscope show clusters of bacteria and fungal yeast spores on the exoskeleton. These clusters were located on the head, with conical adherences on asperites ( Fig. 2A and B) , at the base of serrate setae (Fig. 2C) , and on the ventral part of the adult abdomen (Fig. 2D) . Growth of these clusters was not detected on the exoskeleton.
In total, 13 fungi were identiÞed from the various experiments conducted with coffee borers, fruits, and the galleries formed by the insects within them ( fungi that are coffee parasites and can be found in the absence of borers where they colonize the coffee grain (F. oxysporum and F. solani), and 4) the entomopathogenic fungus B. bassiana.
In the group of unwashed and macerated borers, 11 fungi were present. Their presence reßects the insectÕs importance in transporting fungal spores (Fig.  2AÐD) . Seven fungi were found in the gut, corresponding to the groups used as food and fruit parasites (Table 1) .
No fungal growth occurred in any of the washed borer specimens placed in the moisture chamber, demonstrating the efÞcacy of the washing protocol. However, two borer individuals secreted a minute drop from the rectum, which fell directly onto the culture. Three fungi subsequently developed: A. niger, P. echinulatum, and F. solani.
Seven fungi yeasts and bacteria were found in the borerÕs gut and recorded as the number of mycelia per fungal species present in each treatment: F. oxysporum (9), F. heterosporum (3), Cladosporium sp. 1 (1), and C. oxysporum (12). F. solani was only found in 6% of the specimens, P. echinulatum in 16%, and A. niger in 4%. Only one fungus was obtained from 44% of the samples, two from 8%, three from 4%, and four from 2% (Table 2) .
Eleven fungal species were obtained from macerated borer cultures. These included the same taxa found in the guts, along with the following fungi de- Table 1) . In macerated borers, a single bacterium (4%) was found. Only one fungus was obtained from 30% of the borers (Table 2 ) and two fungi from 18%. Eleven fungal species grew on PDA plates (Table  1) . The most common fungi (number of mycelia in brackets) were C. oxysporum (46), Cladosporium sp. 1 (43), F. heterosporum (40), B. bassiana (37), P. echinulatum (32), F. solani (29), and F. oxysporum (22) . Species that occurred on only 2% were A. flavus, M. luteus, H. grisea, and Penicillium sp. 1. In dishes with fungal cultures, from two to eight fungi occurred simultaneously in various combinations, with two fungi on 6% of the sample, three on 12%, four on 24%, Þve on 28%, six on 22%, seven on 4%, and eight on 4% (Table 2 ). There were no signiÞcant differences in the number of species of fungal mycelia found in the three groups of borers (KruskalÐWallis one-way ANOVA on ranks, H ϭ 1.869, df ϭ 2, P ϭ 0.39). The most abundant fungi belong to the two groups that we considered as insect food and fruit parasites.
As in previous experiments, more than one fungus developed in petri dishes (Table 2 ). These fungi occurred sequentially, with some predominating over others. After 10 d of growth in dishes, interactions between species began. F. oxysporum was observed to limit the growth of Cladosporium species, whereas F. heterosporum had the same effect on Cladosporium sp. 1. P. echinulatum grew on Cladosporium sp. 1 and C. oxysporum, although in limited quantities. H. grisea grew on F. heterosporum and P. echinulatum, and F. solani on Cladosporium sp. 1, C. oxysporum, F. oxysporum, F. heterosporum, P. echinulatum, and B. bassiana. In some dishes, B. bassiana grew on Cladosporium sp. 1 and C. oxysporum, and F. heterosporum grew on P. echinulatum.
Nine B. bassiana strains limited the growth of F. solani, and sporulation of B. bassiana was completely free of the fungus. Two strains of P. echinulatum were observed to invade B. bassiana mycelia and interfere with sporulation. The dominant fungal species F. solani developed in 29 culture dishes. After 21 d, it was found in 11 more dishes.
Six fungal species were obtained from borer-infested fruits, both from the pericarp (exocarp and mesocarp) and endosperm (seeds): A. niger (2), Cladosporium sp. 1 (17), F. oxysporum (16), F. solani (7), G. penicilloides (5), and P. echinulatum (3). In uninfested unripe fruits, no fungal growth was observed in endocarp or endosperm. Two fungi that are coffee fruit parasites were present in ripe fruits, F. oxysporum (43) and F. solani (2), growing Þrst in the exocarp and mesocarp and later in the endosperm. No signiÞcant difference was observed in fungi found on infested unripe fruits and ripe fruits without borers (MannÐ Whitney U test, U ϭ 5.50, Z ϭ 0.167, P ϭ 0.87). On unripe attacked fruits, P. echinulatum, Cladosporium sp. 1, A. niger, and G. penicilloides also were found.
In recently formed galleries, four fungal species were found: F. oxysporum (6), F. solani (3), F. heterosporum (6), and P. echinulatum (5) ( Table 1) . A single fungus was obtained from 30% of the fruits, and two fungi from 6% (in F. oxysporumÐF. solani and F. oxysporum-F. heterosporum combinations) . In 30% of recent galleries, only bacteria were found; in 34% no bacteria or fungi were observed although the gallery wall was already green due to oxidation. All samples were observed for over 30 d (Table 2) . No fungus grew in the endosperm of healthy fruits used as controls. Seven species of fungi were found in ripe galleries: Cladosporium sp. 1 (2), C. oxysporum (9), and B. bassiana (2), F. oxysporum (17), F. solani (9), F. heterosporum (7), and P. echinulatum (11) ( Table 1) . These fungi were observed in various combinations in inoculated fragments, with one (26%), two (36%), and three fungi (6%). In 20% of the galleries, no growth was recorded, and bacteria were obtained from only 8% of the fruits. As in the previous experiment, the endosperm of healthy fruits used as controls was devoid of fungus. No signiÞcant difference in fungi was found between recent and mature galleries (MannÐ Whitney U test, U ϭ 8.5, Z ϭ Ϫ1.039, P ϭ 0.298).
Discussion
A gallery formed by H. hampei is a microhabitat characterized by environmental conditions that favor the growth and succession of fungal communities until the fruit is gone (e.g., F. solani). Fungal growth in coffee fruits was observed within galleries made by insects, including yeast fungi from body surfaces and gut contents. It is through insect contact with gallery walls and body excretions that bacteria and yeast are introduced. Of the 13 fungi found associated with the coffee borer and its galleries, 10 are saprobic, two are fruit parasites, and one is an entomopathogen. Although fungal associations are well known in other scolytids (Beaver 1989 , Berryman 1989 , previous studies of the coffee borer have cited only two: F. solani (Rojas et al. 1999; Morales-Ramos et al. 2000) and P. brocae (Peterson et al. 2003) .
Upon piercing the fruit, the borer initiates structural changes in the fruit that facilitate fungal colonization. When H. hampei bores into healthy fruit, the Þrst four fungi (F. oxysporum, F. heterosporum, P. echinulatum, and F. solani) establish in the endosperm within the gallery. Over time, the number of fungi increases to seven, including an entomopathogen. Most of them serve as food for the insect. Fungi obtained from the insectÕs gut are all found in the ripe gallery except A. niger. A. flavus and M. luteus have been associated with the gut and have been reported in stomach content and maceration analyses. Beti et al. (1995) found that the maize weevil, Sithophilus zeamais Motschulsky, carries A. flavus spores both on the outside of its body and in its mesenteron; the fungus has also been associated with its feces. When the new borer generation has grown, after having fed on the fruit, the new adults disperse and introduce the fungi to healthy fruit.
All fungi identiÞed, including parasitic fungi, can be found in the coffee plant environment without necessarily causing fruit damage. Even without borer involvement, the latter can establish on the outside of the pericarp, causing it to rot. Thus, they are not introduced into the fruit endosperm as efÞciently as with the aid of borer activity. The functional group formed by the coffee parasites F. solani and F. oxysporum was found in all treatments except that of the healthy endosperm, in which no fungal presence was noted.
Most of the fungi identiÞed in this study that are associated with the coffee borer have been registered as contaminants of different stored grains and are capable of producing mycotoxins (Frisvad 1988) . However, we do not know whether processed coffee grains still contain these compounds. Robledo et al. (2001) have found ochratoxin A in unripe coffee grains from the state of Nayarit (Mexico), but contamination with this toxin is associated with high moisture and temperature during storage. Booth (1971) found F. oxysporum f.sp. coffeae in coffee, whereas Northolt and Soentoro (1988) recorded A. versicolor contaminating coffee grains. F. heterosporum is principally known as a cereal and grass parasite that is associated with rotting roots; it affects the germination of grass seeds and leguminous trees (Booth 1971) . Wellman (1977) recorded the following Fusarium species as causing disease in the coffee plant: F. lateritium (cankers), F. moniliforme (moldy coffee bean shells), F. oxysporum (wilt), F. roseum (isolated from patiodried whole cherries and from enlarged leaf spots), F. solani (dieback of fruiting branches), and Cladosporium sp.; the latter is considered to be a species that damages the seed when it is placed on drying patios under the sun. In Colombia, F. oxysporum and F. solani were found to grow on the coffee berry borer, yet pathogenic tests were negative (Pé rez-Ló pez et al., 1996) . Along with being parasites of different plants, these two fungal species have been reported as the parasites of different insects in China (Feng-Yan and Qing-Tao 1991) . In our experiments, the only entomopathogenic fungus present was B. bassiana, found in samples taken from ripe galleries, borer macerations, and live borers.
The amount of fungi within borer galleries suggests that fungi help degrade the endosperm and serve as food for the female and her brood. It has been demonstrated that F. heterosporum produces a lipase composed of a very large N-terminal peptide with 275 amino acids and a C-terminal peptide with 26 amino acids (Nagao et al. 2000 (Nagao et al. , 2001 (Nagao et al. , 2002 that the borer could be using as food. When fruit production is over, the borer remains inside mummiÞed fruits that are attached to the coffee plant or lying on the ground. Even with no endosperm remaining, the insect awaits the formation of new fruits. The fungi that experience the greatest growth, those which are thus considered to have an advantage over others, are Cladosporium spp., F. oxysporum, and F. solani, because sporulation on the surface of the fruits is extensive.
Many scolytids are called "ambrosial beetles" because they feed almost exclusively on fungi grown in the galleries that they build (Berryman 1989) . Furthermore, the term "ambrosial fungus" is used for those fungi that grow in tunnels constructed by ambrosial beetles and on which larvae and adults feed (Hawksworth et al. 1995) . The fungi use the insect as transportation and can even feature a special organ that facilitates attachment to the insect and eventual No body structure on borers has been detected that carries out this function. A borer generation typically develops before food runs out, allowing for dispersal to a new fruit. They build the gallery in one seed Þrst and then in the other, a strategy that facilitates allocation of food to their progeny. H. hampei seems to be a polyphagous mycetophage based on observation of its gut. Beaver (1989) stated that most ambrosial Coleoptera are primitively polyphagous, a reasonable hypothesis because the insectÕs energy expense is lower. Although F. solani is found in borer tunnels (Morales-Ramos et al. 2000), we do not consider it the only ambrosial borer fungus because other fungi establish in the tunnel Þrst. F. solani was the last fungus to occur as a part of a fungal community succession inside the gallery.
Ambrosial fungi grow as mycelia or yeast and are transported by the insect from an old to a new gallery (Beaver 1989) . A recently constructed gallery is clean, free of feces and is where the eggs are placed. The bacteria and yeast observed during analysis of gallery and gut contents are most likely the result of constant borer feeding within the galleries. Ambrosial fungi are pleomorphic, changing from mold to the dense yeast that prevails throughout the tunnel (Batra and Batra 1967) . Disinfection during the experiments permitted little fungal survival on the outside of the borer. Most fungi were found in the gut (11 species), although photographs (Fig. 2AÐD) indicate their presence on the exterior as well. The entomopathogenic fungus B. bassiana was not found in the gut, but it was in macerated individuals and ripe galleries. That this entomopathogen was found in 2% of macerated individuals may mean that it had succeeded in penetrating the exoskeleton. Although, a high percentage (74%) of live unwashed borers contained it at the end of the experiment, only 26% of B. bassiana strains found on borers managed to survive competition from interacting fungi.
One of the fungi with the greatest survival ability was F. solani: at initial incubation, it was present in 58% of the petri dishes and in 82% when incubation ended. Using specimens collected in the Þelds of Chiapas, Mexico, and Allada, Benin (Dahomey), Rojas et al. (1999) isolated F. solani from 60% of H. hampei females fed an artiÞcial diet for three generations. In our experiments, the highest percentage of F. solani was 58%, and this was obtained using live, unwashed borers. Macerated borer guts, in contrast, had very low percentages of this fungus (4 Ð 6%). F. solani is found as a parasite on a small percentage of unattacked ripe fruits, but the percentage rises on attacked fruits. Fungal presence in the endosperm is only possible when the fruit has been entered by the borer or is in an advanced state of decomposition. None of the fungi obtained in the experiments was found in healthy endosperm. Thus, interaction between H. hampei and fungi damages coffee fruit.
The results obtained suggest interference between F. solani and B. bassiana. This does not necessarily indicate that H. hampei is growing F. solani, because P. echinulatum also limited B. bassiana growth. H. hampei may be using F. solani and P. echinulatum to protect itself from B. bassiana. ClariÞcation of how these three fungi interact would be of great value to research on biological control so that damage by this insect can be mitigated.
Interactions between the plant, the borer, and the mycobiota are more complex than what has been reported in the literature. Our results indicate that the borer is not the only problem to be confronted by the coffee manager. An important additional effect is the introduction of diverse mycobiota with repercussions on the health of the coffee plant and potential consumers.
